By means of spin-and angle-resolved photoelectron spectroscopy we studied the spin structure of thin films of the topological insulator Bi 2 Se 3 grown on InP(111). For thicknesses below six quintuple layers the spin-polarized metallic topological surface states interact with each other via quantum tunneling and a gap opens. Our measurements show that the resulting surface states can be described by massive Dirac cones which are split in a Rashba-like manner due to the substrate induced inversion asymmetry. The inner and the outer Rashba branches have distinct localization in the top and the bottom part of the film, whereas the band apices are delocalized throughout the entire film. Supported by ab initio calculations, our observations help in the understanding of the evolution of the surface states at the topological phase transition and provide the groundwork for the realization of two-dimensional spintronic devices based on topological semiconductors. Z 2 topological insulators are materials with a band gap in the bulk and spin-polarized metallic states at the boundaries that are protected by topological properties of the bulk band structure [1] [2] [3] [4] [5] . Bi 2 Se 3 belongs to this class of materials and was shown to feature surface states in the form of a single Dirac cone aroundΓ at the (0001) surface [6] . This compound has a layered crystal structure built up of quintuple layers (QLs) with a weak van der Waals coupling between them. When Bi 2 Se 3 is reduced to a film of a few QL thickness, the topological surface states on both sides of the film overlap and a band gap opens [7] . This quasi-two-dimensional system is predicted to oscillate between a trivial and a quantum spin Hall insulator, the latter of which would host protected one-dimensional boundary states [8] .
Z 2 topological insulators are materials with a band gap in the bulk and spin-polarized metallic states at the boundaries that are protected by topological properties of the bulk band structure [1] [2] [3] [4] [5] . Bi 2 Se 3 belongs to this class of materials and was shown to feature surface states in the form of a single Dirac cone aroundΓ at the (0001) surface [6] . This compound has a layered crystal structure built up of quintuple layers (QLs) with a weak van der Waals coupling between them. When Bi 2 Se 3 is reduced to a film of a few QL thickness, the topological surface states on both sides of the film overlap and a band gap opens [7] . This quasi-two-dimensional system is predicted to oscillate between a trivial and a quantum spin Hall insulator, the latter of which would host protected one-dimensional boundary states [8] .
Experimentally, films of Bi 2 Se 3 have been grown by molecular beam epitaxy on various substrates [7, [9] [10] [11] [12] [13] . In addition to the gap opening, Zhang et al. observed by angle-resolved photoelectron spectroscopy (ARPES) measurements on Bi 2 Se 3 films grown on a graphene double layer that the massive Dirac state for films with thicknesses below 6 QL appears to show a Rashba-like spin splitting [7] . It is still unclear how the topological surface states exactly emerge from these Rashba-split states at the topological phase transition.
Given the inherent difference between the chemical potential in the bulk and at the surface of such small band gap semiconductors [14] , any technological application of the unique properties of topological insulators will most likely be based on such films. However, the strong coupling between the surface states on both sides of the film is expected to significantly influence their spin structure. Therefore an experimental verification of the spin structure of the surface states in the ultrathin limit is essential.
In this Letter, we present systematic spin-resolved ARPES (SARPES) measurements of the surface states of Bi 2 Se 3 films on InP(111) with thicknesses ranging from 2 to 6 QL. We have found evidence of a Rashba-like spin splitting of the hybridized surface states. Our density functional theory (DFT) calculations model the observations and clarify the evolution of the dispersion and the localization of the surface states upon the transition from the two-dimensional limit to the three-dimensional topological insulator.
The films were grown by molecular beam epitaxy in a vertical CreaTec system, equipped with standard effusions cells for Se and Bi (99.9999% purity each) at a base pressure below 10 −10 mbar. Undoped InP(111)B wafers were used as substrate, and their natural oxide layer was removed by a dip in 50% hydrofluoric acid. The substrate temperature during the growth was 300°C for all films. The fluxes of Bi and Se were constant, with a growth speed of 1 nm per minute, under Se rich conditions. The film thicknesses were determined by the growth time, which was calibrated by x-ray diffraction thickness fringes on a reference bulk film. After growth the samples were cooled in situ to a temperature below 15°C, and were then capped with amorphous Se to protect the films ex situ during transport. In the ARPES chamber the films were decapped by heating the sample to a temperature of about 120°C.
The ARPES and SARPES measurements were performed at the COPHEE end station of the surface and interface spectroscopy beam line at the Swiss Light Source [15] . The measurements were performed at a base pressure better than 4 × 10 −10 mbar, both at room temperature and at 20 K. The three-dimensional spin information is obtained by means of two orthogonally oriented classical Mott detectors, each of which measures two spatial components of the photoelectron spin expectation value.
The electronic structure calculations are performed within the DFT with the generalized gradient approximation to the exchange correlation potential as implemented in VASP [16, 17] . The exchange-correlation part of the potential was treated using the exchange-correlation functional of Perdew-Burke-Ernzerhof [18] within the projectoraugmented wave methodology [19, 20] . Relativistic effects, including spin-orbit coupling, were fully taken into account. Figure 1(a) shows spin-integrated ARPES band maps of Bi 2 Se 3 =InPð111Þ films with thicknesses ranging from 2 to 6 QL. The data are taken along the ΓM direction with p-polarized light of 20 eV photon energy, which placed the perpendicular momentum of the initial state around the Brillouin zone center. In the band map for the 5 QL film, dashed lines indicate the different bands contributing to the spectra. The Dirac cones (orange diamonds, red square) are separated by a band gap accompanied by a nonlinear dispersion aroundΓ. Both the bulk conduction band (blue circles, green triangles) and the valence band are split into quantum well states (QWSs), due to the confinement of the states between the substrate band gap and the vacuum barrier. Their energy separation increases towards lower film thicknesses and the number of occupied QWS states decreases. The energy distribution curves in Fig. 1(b) atΓ clarify the evolution of the band dispersion with film thickness. The red (orange) arrows indicate the minima (maxima) of the massive electronlike (holelike) Dirac states, the blue and green arrows mark the conduction band QWSs.
Figures 1(c) and 1(d) show the band maps and energy distribution curves measured on the same samples at a photon energy of 50 eV. The spectral intensity of the QWSs is strongly reduced with respect to the surface states for all of the shown film thicknesses. This allows us to easily discern the spin polarization of the Dirac cones from the spin signal of the QWSs as will be discussed below. Previous studies suggest that the gap closes around 6 QL. Our measurements confirm a gap that is smaller than the experimental resolution at this thickness. The 6 QL band map was taken at a temperature of 20 K, the observed shift of the bands towards higher binding energies by 
FIG. 1 (color online). (a) Band dispersion for 2-6 QL Bi
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057601-2 about 100 meV with respect to the room temperature measurements is consistently observed on all film thicknesses when measured at low temperature [21] .
In Fig. 2 we present our SARPES data measured with p-polarized 50 eV photons. The measurement direction is along the y coordinate as sketched in Fig. 2(a) . The orbital character of the surface states in Bi 2 Se 3 films is mostly of p z type, whereas the in-plane orbitals show a layer dependent texture [21] [22] [23] . In our measurement geometry Fermi's golden rule implies that mostly p z and p x orbitals are probed [23, 24] . The spin-orbit interaction couples the spin of the electrons in these orbitals in a helical spin structure with the same rotation direction [22] . Therefore the measured spin polarization of the photoelectrons represents mostly the spin texture of the p z orbitals. Systematic measurements at further photon energies and light polarizations can be found in the Supplemental Material [21] .
Figure 2(b) shows the total intensity and the spin polarization components of a 2 QL film along the three spatial directions (P x , P y , P z ) measured with the Mott detectors at a temperature of 20 K. The spin polarization is in-plane and orthogonal to the crystal momentum (i.e., along x). The spin expectation vector circles counterclockwise on a constant energy contour, in qualitative accordance to the topological surface state of bulk Bi 2 Se 3 . An out-of-plane polarization is in principle allowed by the crystal symmetry for momenta along ΓK [25] , but is not observed.
Higher statistics spin-resolved momentum distribution curves on the same 2 QL sample reveal the existence of an inner pair of bands with opposite spin polarization, as shown in Fig. 2(c) . These inner bands lead to a plateau in the x polarization around theΓ point, as seen in the bottom panel. The upper panel shows the total Mott detectors intensity (black dots) and the individual peaks of the bands obtained by simultaneously fitting the total intensity and the spin polarization [26] . The momentum splitting at the Fermi level gradually decreases from about 0.058 Å −1 at 2 QL to 0.016 Å −1 at 6 QL. The intensity of the inner bands is suppressed with respect to the outer band and consequently the plateau in the vicinity of theΓ point is less pronounced and the peaks in the spin-resolved intensity have lower amplitudes, Figs. 2(d) and 2(e). Figure 2 (f) summarizes the shrinking spin splitting and the intensity reduction of the inner bands at the Fermi level. Our spinresolved measurements at other photon energies show an anticipated energy dependence of the absolute value of the measured spin polarization and confirm the reported spin structure [21] .
Furthermore, we compare spin-resolved measurements at different binding energies for various thicknesses in Fig. 2(g ). There is a small decrease of the spin signal amplitude when comparing the measurements closer to the band apex to the data taken at the Fermi level. This behavior is in principle expected due to the larger delocalization throughout the film along the out-of-plane direction for the state towards the band apex (see discussion below). Most of the observed reduction, however, must be attributed to the increasing angular overlap of the experimentally broadened bands.
At the Fermi level the Dirac states are spin polarized with an intrinsic degree of polarization that is almost independent of the film thickness also when compared to the gapless case in the bulk limit [21] . The experimentally measured polarization amplitudes do not significantly decrease towards smaller film thicknesses despite the larger spectral weight of the oppositely polarized inner branches. This is also in contrast to previous theoretical predictions for symmetric films [27] and shows the importance of the choice of substrate for the utilization of ultrathin topological insulators. In order to mimic the substrate-induced symmetry breaking in our DFT calculations, the Se surface layer of the freestanding Bi 2 Se 3 films is artificially displaced along the surface normal, either towards the crystal bulk (−dz) or towards the vacuum (þdz). Figure 3 shows the results for a 2 QL thick film. The spatial overlap leads to a hybridization of the two surface states and a gap opens around the Dirac point. Because of the missing structural inversion symmetry the two massive Dirac states are split in a Rashba-like manner but with distinct localization of the inner and outer branches depending on the direction of displacement of the Se surface layer. The spatial localization is indicated by the size of the colored data points, the color indicates the sign of the net spin polarization. For a þdz displacement the inner (outer) branches are mainly localized at the ideal (distorted) surface as shown in Figs. 3(a) and 3(c) , and vice versa for a −dz displacement, Figs. 3(b) and 3(d) . Towards the band apex below the Kramer's point, however, the states become delocalized throughout both QLs due to the hybridization, as shown in Figs. 3(e) and 3(f) . With increasing film thickness but keeping the surface layer displacement constant, the wave function overlap and the gap diminish and the splitting decreases. Finally, the gapless topological surface states emerge.
Our measurements suggest that the effect of the InP(111) substrate is mimicked in this model by a þdz displacement of the Se layer which is equivalent to a small charge transfer from the film to the substrate. The smaller spectral intensity of the inner branches and its continuous reduction towards thicker films [ Fig. 2(c) and [21] ] indicate that the outer (inner) branches are localized in the QL at the surface (filmsubstrate interface). This contrasts with the situation of Bi 2 Se 3 films grown on a double layer graphene on top of a 6H-SiC substrate where the inner branches are localized at the film surface, considering the spectral intensity distribution and the evolution of dispersion with film thickness [7] . On the other hand, for Bi 2 Se 3 films grown on Si(111) no such splitting could be resolved up to now [10] . These observations are in line with other Rashba systems where the splitting is known to be determined by the relative spatial shift of the wave function with respect to the atomic cores and therefore strongly depends on the coupling to the substrate [28, 29] .
While at higher energies the dispersions of the two surface states are mostly spatially decoupled, towards the band apex the states are mixed and the net spin polarization decreases. The energy range in which a significant change can be observed is confined close to the band apex. An experimental determination of this reduction (cf. Fig. 2 ) is intricate as the measured spin polarization amplitude is depending on the measurement geometry, photon energy, and probing depth but in any case it is mostly overshadowed by the larger experimental overlap due to the smaller k separation of the branches.
The main difference between Bi 2 Se 3 films and other Rashba systems is that in the latter case the spatial distribution of both spin branches is very similar, whereas here they are localized on different sides of the film [ Fig. 3(g) ]. This opens the possibility to create a spintronic device where the states on either side of the film can be manipulated independently of each other. The continuous spatial separation of the surface states upon increasing the film thickness and the accompanying reduction of the gap shows that the topological surface states and their spin polarization do not emerge abruptly at the topological phase transition but develop smoothly from preexisting states. A similar mechanism is discussed in the topological transition of BiTlðS 1−x Se x Þ 2 upon sulfur doping [30, 31] , where Rashba-like spin-polarized precursor states are observed already on the trivial side of the transition. In summary, we have performed systematic spinresolved ARPES measurements on Bi 2 Se 3 =InPð111Þ films with thicknesses ranging from 2 to 6 QL. The measurements show that towards lower thicknesses the two surface states hybridize and a gap opens. Because of the substrateinduced structural inversion asymmetry the resultant massive Dirac state is split in a Rashba-like manner with distinct localization of the outer and inner branches at the top and at the bottom boundary of the film, respectively. Our measurements contribute to the understanding of the evolution of the dispersion and the localization of the surface states at the dimensional crossover.
